This article argues that industrial ecology has, to date, largely engaged with the ecological sciences at a superficial level, which has both attracted criticism of the field and limited its practical application for sustainable industrial development. On the basis of an analysis of the principle of succession, the role of waste, and the concept of diversity, the article highlights some of the key misconceptions that have resulted from the superficial engagement with the science of ecology. It is argued that industrial ecology should not be seen as a metaphor for industrial development; industrial ecology is the ecology of industry and should be studied as such. There are manifold general principles of ecology that underpin our understanding of the world; however, the physical manifestation and causal effects of these principles are particular to the system and its constituent elements under analysis. It is thus proposed that context-specific observation and analysis of industry are required before theoretical and practical advancement of the field can be achieved.
Introduction
The premise that the science of ecology and, more specifically, the metaphoric mimicry of natural ecosystems can lead to greater conservation of resources and wider environmental protection continues to be fundamental to industrial ecology researchers and practitioners alike. The study and, to a lesser extent, practice of industrial ecology have been a conceptual source of hope for sustainable industrial development for at least two decades.
The publication of the article by Frosch and Gallopoulos (1989) entitled "Strategies for Manufacturing" arguably signaled the start of a concerted effort to model industrial processes on those widely observed within the biosphere. The assumption is that by modeling industrial systems on seemingly resource-efficient and harmonious biological ecosystems, it is possible to reorganize the environmentally damaging and resource-wasteful industrial systems that humans increasingly rely on, to function in a more environmentally benign and resourceful manner. Despite the passing of more than two decades since "Strategies for Manufacturing" was first published, however, there has been slow progress made on both the theoretical development of industrial ecology and, in particular, the practical application of its guiding principles for cleaner production and resource efficiency. The lack of progress within the field of industrial ecology, particularly in relation to implementation, has been attributed to several factors. Some commentators would assert that the lack of progress is due to the source metaphor being inappropriate, primarily because of fundamental differences that (seemingly) exist between human industry and ecosystem functioning (e.g., Ayres 2004; see also the discussions presented by Korhonen 2005 and McManus and Gibbs 2008) . Others, meanwhile, surmise that the active development of so-called eco-industrial parks is unlikely to happen because it is difficult, particularly at the planning level, to attract and coordinate the number and diversity of companies (and other organizations) that are required to form the basis of any self-sufficient industrial ecosystem (e.g., Ehrenfeld and Gertler 1997; Gibbs and Deutz 2005, 2007; Chertow 2007) . In effect, it is suggested that human factors, such as the need for trust and cooperation, and economic factors, such as the self-centric need to strive for business growth, obstruct the planned development of networked, interacting, industrial ecosystems. Thus, biological ecology, other than at a highly conceptual and metaphoric level, is seemingly not a suitable science for informing greater resource efficiency.
This article argues, however, that any misgivings or criticisms that are held in relation to employing ecology as a suitable guide for sustainable industrial development are based on a lack of knowledge of the source science or a lack of appreciation of what ecology fundamentally pertains to.
The Need for Reinterpretation

Philosophical Thinking and Knowledge Deficiency
To date, industrial ecology theory has largely been presented on a desirability basis and the 'cherry-picked' principles 1 of ecology are regularly applied (or dismissed) in a superficial manner with surprisingly little or no reference to ecological research. Several studies have engaged with the wider principles of ecology and the literature of the source science (e.g., Nielsen 2007; Mayer 2008; Ashton 2009 ). But, in many cases, arbitrary principles of ecology are routinely applied in an overarching manner that is not suited to providing the levels of complex analysis required to yield sound reference points for sustainable industrial development (discussed below and in the following section). Hence, it is readily apparent why tangible eco-industrial development remains largely elusive and why As a consequence of the complexity involved in the study of ecology, and despite how the subject is regularly portrayed in industrial ecology literature, it is still a science that contains many uncertainties and is certainly not capable of informing industrial development in an all-encompassing manner. Indeed, despite over a hundred years of studying the world from the perspective of ecology, most ecologists will readily admit that they have only scratched the surface of the complexity involved in observing living systems and the ways in which they interact and develop (Chapman and Reiss 1999) . It seems that many industrial ecologists are largely unaware of, or fail to acknowledge, the levels of uncertainty that exist within the wider study of ecology.
Ecology, for the most part, is not an exact science in which each principle or theory applies to every organism or system under analysis in a uniform manner (that said, see the work of Jørgensen [2002] for a discussion on the existence of universal ecosystem processes and properties). In reality, disagreements within the ecological sciences are rife. One brief search through journals such as Ecology or Oikos or through one of the core ecology textbooks (e.g., Begon et al. 2006) would highlight the levels of debate and apparent disagreement that exist within the field (the ongoing diversity-stability debate is a prime example (2006) suggests, can follow concepts that are seemingly underpinned on philosophical ideals. Ecological principles and ecosystem science must be applied to industry in the same manner as they are applied to, say, a given form of woodland, a particular species of tree within the woodland, or a particular community of species that makes the tree its home.
Practice Before Prescription
Essentially, ecologists define specific questions about the ecology of a given organism or system that they are interested in prior to observing the subject matter under suitable study conditions. Observations made are interpreted in a manner suited to answering the original question in hand. Fundamentally, the ecologist has an answer to a specific question; he or she rarely possesses an answer or principle that is suitable for direct application to all queries or observed ecological phenomena. By their very nature, all complex systems (biological or otherwise) are dynamic, and hence many principles of the ecological sciences must, where necessary, be dynamic and thus be molded to fit observed circumstances. Indeed, if one wishes to intrinsically understand the ecology of saltmarsh, one studies saltmarsh. Although they largely require the same fundamental resources to function and are subject to similar evolutionary forces, one would not study the ecology of mangrove and expect to possess knowledge suited to predicting the potential future of saltmarsh. This perhaps extreme example could be applied at any ecological level from, say, genotype to organism to community to the given example of ecosystems, but the overriding message is applicable to the study and practice of industrial ecology.
A company or, more likely, industrial sector must be ecologically analyzed in its own right to determine its past and, potentially, future course of evolution (and any new feedback mechanisms resulting from its evolution). As a community, industrial ecologists need to increase research into the ecology of industry, rather than speculating on its idealized future.
Existing principles of biological ecology that can be shown to provide sound analogues between industrial systems and biotic systems should be accepted and widely promoted. this is what should happen with industrial ecology.
Ecosystem science alone provides a myriad of enlightening system genesis, development, and maintenance principles that industrial ecologists can apply on a testable basis if it is accepted that there is no contradiction in the literal analysis of industrial systems on an ecological basis. Indeed, it has been recently argued that "...real industrial ecology..."
can only occur once a full understanding of the current conditions of industrial systems, in relation to our knowledge of ecosystem functioning, is acquired (see Nielsen and Müller 2009, p. 1914) . The potential need to reinterpret existing principles of ecology to fit what is witnessed within industrial systems does not translate as the rejection of ecology as a suitable platform for promoting sustainable industrial development; it translates as the evolution of industrial ecosystem science.
All fledging scientific fields develop in a haphazard, opportunistic manner (Wilson 2004 ). After at least two decades of development, however, it is time for industrial ecology theorists to concentrate on specificity. The age of opportunism that saw the promotion of the ecological metaphor has arguably reached its natural (and very limited) conclusion. Only after appropriate principles of ecosystem development are categorically shown to be applicable to industry (and demonstrated to policy makers) can industrial ecology be taken seriously as a science capable of delivering tangible eco-industrial development.
To consolidate what has been stated here, industry is as valid an ecological study subject as any other product of a given organism's continuing adaption to its environment and its compulsion to fulfill its daily needs. As a consequence, industrial ecosystems do not require creation; they already exist, albeit in a (largely) resource-inefficient form. It will be argued that at the initial points of system genesis and succession, they do develop in accordance with the same 'principles' and 'laws' as all other ecosystems. At the community development and functioning levels, however, the sheer magnitude of complexity and innumerable system feedback mechanisms mean that many existing ecological principles are unlikely to be directly transferable in their raw form. It is thus argued that discovering when and where existing principles of ecology are applicable, when and where they require adaption, and when alternative principles require creation, constitutes the study of industrial ecology and, ultimately, the development of the principles of industrial ecosystem science. To continue the core argument of this article, some of the regularly proposed core principles of industrial ecology that generate criticism and debate from both detractors of industrial ecology and natural ecologists alike will be highlighted. By way of conclusion, the article endeavors to highlight the necessity to perform and consult ecology in a literal and case-specific manner and, in the process, attempts to also provide an insight into the intrinsically complex nature of the science and study of ecology.
Misconception, Contradiction, and Debate
One potential criticism of using ecosystems as a source model for industrial development is the belief that the two systems seemingly operate according to fundamentally different principles of evolution and maintenance. Due to internal recycling and system inputs primarily deriving from renewable sources, it is widely believed that ecosystems are inherently resource efficient and thus sustainable. In contrast, it is suggested that industry is inherently unsustainable due to the linear nature of resource movement and energy inputs primarily deriving from non-renewable sources (e.g., Frosch and Gallopoulos 1989; Jelinski et al. 1992; Graedel 1996; Korhonen 2001a; Korhonen et al. 2004; Gibbs 2008 ).
Superficially, these differences between the two systems seem undeniable; however, as will be argued, the apparent differences only exist due to misconception or inappropriate spatial or temporal comparisons being made.
System Genesis and Succession
The laws of thermodynamics are the biggest constraint to production within industrial and natural ecosystems (Nielsen 2007) this position is irrefutable. Exactly how the laws of thermodynamics manifest themselves within the evolution of biotic systems is, however, a point of debate. Without an exposition of the widely discussed relationship between thermodynamic efficiency and system development, it can be safely stated that at the point of genesis, the global industrial system developed, and continues to develop, along the same macroecological principles and laws as any other ecosystem (for chronological discussion on thermodynamics and ecosystem development, see Lotka 1922a Lotka , 1922b Odum and Pinkerton 1955; Schneider and Kay 1994; Jørgensen 2002 At the point of colonization, the primary (and secondary) genesis of habitats occurs with the appearance of select pioneer species that, via their fundamental niches, 5 are adapted to sequestering and assimilating underutilized in-situ resources (Chapman and Reiss 1999; Begon et al. 2006) . As pioneer species take hold within a habitat, they systematically, by their very appearance, create or facilitate further fundamental niches that provide and provoke, through system feedback, multispatial habitat change and the development of new resources or the release of existing resources. As later sere 6 organisms fill and exploit the newly evolved fundamental niches, the process of niche opening and realization occurs on a continual basis in continued response to internal system changes. As this process of autogenic succession, as it is termed, takes place, and an ecosystem continues to develop, community structure typically evolves toward diversification until the ecosystem reaches a point of relative temporal stability (Chapman and Reiss 1999) . In many cases, the primary colonizers that set system evolution and diversification in motion, with their unlocking of previously difficult-to-utilize resources, become victims of their own success as they promote the development of ecosystems that are rich in competition or simply no longer suited to their maintenance or, more specifically, their fecundity ( Due to our higher cognitive skills, we are effectively able to recognize impending phases of autogenic succession and thus adapt or evolve far quicker than most colonizer species. Thus, the levels of industrial adaption and diversification that are capable of facilitating greater resource efficiency do not necessarily evolve due to a perceived lack of immediate necessity. Arguably the forces of autogenic (or possibly allogenic 7 ) succession can, however, only be avoided for so long before industry, in its current form, degrades the human habitat to a point where it succumbs to succession and perishes or adapts in a way best suited to reaching relative environmental stability. In the same manner as many other colonizers become victims of their own success, resource-inefficient and environmentally degrading industry will, no doubt, eventually become a victim of its own considerable
success.
Whilst fundamental niches continue to exist within immature 'habitats', geographic dispersion will, however, take placeindustrial practices that have succumbed within industrially evolved countries invariably continue to colonize and prevail within newly industrialized countries. The components of all systems will, if allowed by adaption or lack of competition, take the least resistance or 'easy' existence and development option until such time as environmental influences dictate that adaption (or extinction) is a necessity. The 'easy' option and the feedback controls required to promote the necessity (or will) to evolve will differ vastly between systems and the specific components that constitute a given system's community because, in the process of realizing a fundamental niche, a given company or industry must, by definition, be locally adapted.
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The idea that local factors may be important to the understanding of industrial ecology is not new. It has been widely acknowledged that the development (or nondevelopment) characteristics of individual industrial ecosystems are affected by local factors (e.g., Korhonen, 2001a; Baas and Boons 2004; Roberts 2004; Deutz and Gibbs 2008) . Like all systems, industry is subject to the physical and temporal availability of the resources that allow it to function. Thus, on one level or another, there must be locally present influences and instances of operational feedback that allow a given industrial ecosystem to proliferate. (Roberts 2004, 998) . In many ways, these statements are perfectly sound, and, thus, as a core tenet of industrial ecology theory, the goal of emulating the status of 'master' recycler within industrial ecosystems is an admirable one. These statements are also technically incorrect, however, as at any one time, vast amounts of waste exist within individual ecosystems and the wider biosphere (as also acknowledged and demonstrated by Levine [2003] and Ayres [2004] ).
Although it is difficult to ascertain what is controlling what within an ecosystem (Nielsen 2007), ascertaining what system development and proliferation influences exist within
Fossil fuels, our primary energy source and, arguably, the source of contemporary industry, are a waste product of nature's 'incomplete' biological assimilation of ancient carbon-based life. Many of the materials we employ in construction activities are formed from waste products that have not been fully assimilated by the environment. One of many possible examples is limestone, which is primarily composed of the calcite remains of longdead marine organisms. The current composition of our atmosphere is the product of waste generation: prior to the appearance of life on Earth (and, by definition, ecosystems), the balance of elements that were found in the planet's atmosphere differed vastly from its present composition. Indeed, without the oxygenic 'pollution' of the atmosphere, humans (and, arguably, all eukaryote life forms) would not exist! Numerous further apparent instances of waste in the environment could be presented to highlight the fact that waste, as we perceive it, does indeed exist within the biosphere. Furthermore, the notion of closed cyclical systems can be automatically debunked, at least at the local scale, with the knowledge that ecosystems regularly lose and gain resources through instances of wet-fall, dry-fall, gaseous atmospheric dispersion, and in-situ consumption or collection by organisms prior to ex-situ deposition (see Begon et al. 2006) . If ecosystems are not as resourceful (and locally closed) as we are led to believe they are, the question thus arises: is internal or externally deposited waste actually a bad thing, or is it simply a human construct that has no meaning in ecology? In some cases, 'waste' is arguably good. The accumulation of waste and perceived pollution or degradation of a given ecosystem is often the precursor to evolution and the emergence of diversity and, consequently, increased resource optimizationthis, in part, is the basic but much debated principle of (autogenic) succession. Waste is only seen as bad when it impinges on or threatens the long-term existence of a given organism. Waste, in effect, does not exist; it is a force of evolution within both systems and should be studied as such within industrial ecology. Indeed, the perception that industrial ecosystems are wasteful due to the linear movement of materials only exists if one puts a spatial or temporal boundary around a study site. With the knowledge that waste does exist in nature and that ecosystems are not completely cyclical, it could be easily argued (and proved) that ecosystems are also linear systems if, again, one does not extend the study boundary (both in time and space).
Effectively unused by-products emanating from processes within industrial (and biological) systems have not become system waste; they have simply entered resource sinks similar to those that exist within all ecosystem compartments. Any resource sink will perpetuate within an ecosystem until such time as an organism or process enters the system or evolves that is capable of directly using or assimilating the said waste product. Given sufficient time, there is always the possibility that something will evolve that can economically, thermodynamically, or chemically assimilate or make best use of a resource, regardless of how unlikely that may seem at a given point in time. by-products. We have simply created new environmental influences. Waste, or, in effect, the existence of a new resource or successional influence within the environment is a precursor and force behind evolution and invariably the appearance of further optimized systems. It is undeniable, however, that our biggest problem, as a species, is the rate at which environmental 'problems' are multiplying, persisting and thus potentially threatening our current way of life. But, without suitable consideration of (and swift reaction to) the consequences of our actions, this is seemingly an inevitable and typically unpredictable consequence of niche realization and consequent resource exploitation.
Diversity and Ecosystem Functioning
It has been argued that industrial diversity is essential to the functioning and stable Although the likes of the common reed can entirely dominate the plant life within a given area (on many scales), it is debatable to what extent it exists in biotic isolation (i.e., nutrient uptake is largely facilitated by symbiotic mycorrhizal fungi, and the stands form a refuge for many animals). Furthermore, their continued dominance at a given point in time is continually subject to stochastic and potentially destructive forces (e.g., storms and disease)
that could lead to the reopening of a given area's resources to a wider group of species. In parallel to this example, it is debatable to what extent a given industry can or does operate in isolation or how long any company can continue to monopolize the use of a resource or the share of a market. As evidenced by the recent world economic downturn, even the most dominant of companies are subject to, and can ultimately be victims of, wider market forces beyond their control.
Discussion on the potential benefits of diversity and its effects on overall system stability and levels of production have to be conducted in a context-specific manner.
Diversity, in the sense of the richness and relative abundance of system elements, simply provides options for adaptability. In theory, diversity is excellent for promoting system productivity and stability; however, these system traits could, arguably, be achieved by a small number of companies if they are sufficiently adaptable and prepared for change or prepared to exploit an opportunity to evolve toward a 'fitter' state of existence. Neither internal nor system diversity, however, guarantees an increase in the productive efficiency of the individual or the system as a whole. Indeed, as our current economic systems are largely driven by finite resources, the efficiency of our productions systems is arguably a far more important aspect of ecosystem functioning to focus on than, for example, a dogmatic consideration of productivity or the increased cycling of materials.
Ultimately, system efficiency and stability (in the form of resilience and, initially, resistance) cannot be boiled down to a generalized belief that more diversity equates to desirable system characteristics. Such a statement needs empirical testing at various scales within defined industrial ecosystems, not least because several researchers have conducted subject-specific research that concludes that a positive relationship between biotic diversity, per se, and overall system stability is not as universal as one would intuitively believe it to be (see McCann 2000; Cameron 2002; Pfister and Schmid 2002) . Indeed, although increased productivity, in the form of primary production, has been largely shown to be a product of increased species richness (e.g., Tilman et al. 2001; Hooper et al. 2005; Flombaum and 2008), the effects (or at least our understanding) of diversity on system stability and productive efficiency are less conclusive.
The increases in productivity that are seen to be a product of species richness are, in general, intuitively believed to be a result of increases in both spatial and temporal resource complementarity (i.e., niche differentiation and facilitation), which follow the maturation and diversification of a system 9 (Cardinale et al. 2007) . Apart from productivity, it is probable that complementarity and functional traits, at and between multiple trophic levels, are important to the development of all ostensibly positive ecosystem properties. Acquiring a greater understanding of the development of genotypic and phenotypic traits is almost certainly the best way to derive a fuller knowledge of system diversity and, in particular, its context-specific causal properties and 'benefits'. Unfortunately, research into which and how many species act in a complementary way has not been widely conducted (Hooper et al. 2005 ). Moreover, in specific relation to the long-running diversity-stability debate, it has been suggested that research has (perhaps wrongly) been overtaken by theoretical thinkinglong-term field studies and experimentation are required if we are to fully understand what facilitates system stability (Hooper et al. 2005) .
Although both systems (biological and industrial) are clearly diverse, it is difficult to determine in which system diversity plays the more important role (Nielsen and Müller 2009) . It is only with context-specific research that the roles of diversity within industrial systems can even begin to be understood. With the level and breadth of industrial data that are availablein many cases to an extent biological ecologists can only dream ofit should be possible to conduct the research needed on the evolution of functional traits and the many aspects of resource complementarity. As Mayer (2008) stated, use of such data offers great potential for advancing both ecologies.
With the number of industrial data that exist within many developed countries, it
should not be difficult to go beyond concept-driven speculation and start confronting the wider diversity debate with empirical data and analysis. Indeed, the authors of this article have, in partnership with the United Kingdom's National Industrial Symbiosis Programme, but also add to some of the more complex questions on the relationship between diversity and ecosystem functioning.
It is perhaps sensible to increase diversity among power producers to ensure future energy security, but, other than possibly increasing opportunities for localized industrial symbiosis, what benefits can be drawn from the generalist prescription to promote diversity within industrial ecosystems? As can be surmised from the above discussion, individual ecosystem functioning and stability will be as dependent on the specific characteristics of potential immigrant species as they are on the collective functional (and redundant) traits of existing species. Because each ecosystem possesses a non-uniform number of resource flow compartments and internal linkages, there is arguably no way of knowing, without contextspecific research (both at and between multiple trophic levels), how diversity affects a given system. For example, there could be significant levels of diversity within a system, but the loss of just one keystone or functional species (e.g., mycorrhizal fungi within plant communities) could be disastrous in terms of maintaining what are deemed to be anthropogenically desirable conditions or, simply, levels of system production. In the same vein, without sufficient context-specific information, the artificial introduction of a new species to promote diversity could, in fact, lead to a reduction in diversity if the specific resource requirements of the immigrant lead to extinctions or promote competitive exclusion (e.g., the extinction of many animals on islands where predatory alien species have been introduced, or, within England, the wide-scale marginalization of the red squirrel [S. vulgaris] by the nonnative grays [S. carolinsensis]). The specific goal of maintaining or increasing the diversity of an industrial ecosystem must be clear and well thought out before prescription can be made. Diversity, in short, is a highly relative concept whose scale is largely dictated by levels of niche differentiation and realized niche overlap. Diversity, in whatever form it is observed, tends to exist where the prevailing system conditions allow it to exist.
Debate Summary
In summary, it has been shown that, at the highest level, many principles of ecology can be applied to industrial systems. For instance, the many aspects of niche theory and its role in system succession are invaluable to understanding how industrial development has taken place and will theoretically take place. Nevertheless, some widely promoted ideological waste is bad, and diversity is essential to the development and stability of ecosystems, are not applicable in a universal manner. Ascertaining the effects and existence of waste within a given system and determining the contribution diversity makes to promoting stable and efficient industrial ecosystems are, among other, important questions within industrial ecology research. But, due to the complexity involved in ecological research at the community and systems levels, studies relating to their application must be conducted widely and their results presented on a case-by-case basis if any useful patterns of eco-industrial development are to be determined and made (prescriptively) transferable to similar systems.
Conclusion
A note of caution is required before one studies the dynamics of industrial ecosystems: " [Industrial] ecologists, like the [companies] organisms they study, cannot make
[industry] nature conform to their perfect liking" (adapted from : Wilson 2001, 155) . Thus, industrial ecosystems cannot be studied in relation to biological systems with any form of ideological preconception in mind, otherwise it will only lead to widespread false hope or misconceived disappointment.
Industrial ecology is exactly that, the ecology of industryit is not a metaphor or paradigm for anything. Industrial ecology needs to learn and borrow from the many natural sciences, but it must not be confined by their observations of the world if theoretical and practical progress in the field is to be made. Due to the idiosyncrasies inherent within all levels of ecological structure, the principles of ecology do not manifest themselves in a universally predictable manner. Consequently, there exists a theoretical industrial ecology vacuum that needs filling with context-specific eco-industrial analysis.
The study and characterization of specific industrial ecosystems will provide the 'principles of industrial ecosystem science'. The principles will no doubt be unique to some forms of company, agglomerations, or industrial sectors; some will apply on a cross-sector basis, and some, maybe, will be applicable to all industrial ecosystems and thus be deemed Lawton (1999) stated that ecological patterns emerge most clearly at the single species level, because their study contingencies are manageable, and at larger scales, because
